Tandem repeats (microsatellites or SSRs) are molecular markers with great potential for plant genetic studies. Modern strategies include the transfer of these markers among widely studied and orphan species. In silico analyses allow for studying distribution patterns of microsatellites and predicting which motifs would be more amenable to interspecies transfer. Transcribed sequences (Unigene) from ten species of three plant families were surveyed for the occurrence of micro and minisatellites. Transcripts from different species displayed different rates of tandem repeat occurrence, ranging from 1.47% to 11.28%. Both similar and different patterns were found within and among plant families. The results also indicate a lack of association between genome size and tandem repeat fractions in expressed regions. The conservation of motifs among species and its implication on genome evolution and dynamics are discussed.
Introduction
Microsatellites or SSRs (Simple sequence repeats) are DNA sequences formed by the tandem arrangement of nucleotides through the combination of one to six base pairs, being widely distributed in prokaryote and eukaryote genomes (Morgante and Olivieri, 1993; Tóth et al., 2000) . Microsatellite regions tend to form loops or hairpin structures, leading to the slippage of DNA polymerase during replication, thereby provoking the insertion or deletion of nucleotides (Iyer et al., 2000) . The expansion and/or contraction of microsatellites may lead to a gain or loss of gene function (Li et al., , 2004a . Initially, it was suggested that the occurrence and distribution of microsatellites could be the result of random processes. However, new evidence indicates that the genomic distribution of these repeats had its origin in non-random processes (Bell, 1996; Li et al., 2004b) . Microsatellites have been reported to correspond to 0.85% of Arabidopsis (Arabidopsis thaliana), 0.37% of maize (Zea mays subsp. mays), 3.21% of fugu fish (Fugu rubripes), 0.21% of the nematode Caenorhabditis elegans and 0.30% of yeast (Saccharomyces cerevisae) genomes (Morgante et al., 2002) . Moreover, they constitute 3.00% of the human genome (Subramanian et al., 2003) .
For microsatellites located in genic regions, 5'UTRs are hotspots for the presence of this type of repeats. It is known that the contraction and/or expansion of repeats found in 5'UTR regions alter the transcription and/or translation of these genes (Li et al., 2004b; Zhang et al., 2006a) . Mutations in microsatellite loci found in 3'UTR regions are associated with gene silencing, transcript-cytosol exporting and splicing mechanism changes as well as the expression levels of flanking genes (Davis et al., 1997; Thornton et al., 1997; Philips et al., 1998; Conne et al., 2000) . For coding sequences (CDS), the impact of mutations has been described as functional changes, loss of function and protein truncation (Li et al., 2004b) . Although much has been reported on microsatellites frequencies in transcribed regions in plants (Temnykh et al., 2001; McCouch et al., 2002; Morgante et al., 2002; Thiel et al., 2003 , Nicot et al., 2004 Kashi and King, 2006; Lawon and Zhang, 2006; Varshney et al., 2006; Zhang et al., 2006b) , additional comparative or descriptive analysis can offer novel perspectives on their use as molecular markers. The genomic abundance of microsatellites, and their ability to associate with many phenotypes, make this class of molecular markers a powerful tool for diverse application in plant genetics. The identification of microsatellite markers derived from EST and/or cDNAs, and described as functional markers, represents an
Results and Discussion

Distribution of sequences in UTRs and CDSs
The sequences, separated into coding (CDS) and untranslated (5'UTR and 3'UTR) regions, and distributed by number of sequences, amount (Mb) and average size (bp) for all the ten species, are shown in Table 1 . On an average and in all of these, there were sequence fragments between 560 and 893 bp long, except for the A. thaliana and O. sativa databases, where they were longer, reaching aver- Maia et al. 823 ages of 1,447 and 1,490 bp, respectively. The number of sequences deposited in Unigene was the largest for both of the Poaceae species Z. mays and O. sativa, with 57,447 and 40,259, respectively. It is worthy of note that not all sequences deposited in this database contain 5'UTR and 3'UTR regions, for in some both types are found, whereas in others only one is (i.e., 5' or 3'UTR). The overall average sizes were found to be 130 bp for 5'UTR, 873 bp for CDS and 270 bp for 3'UTR regions. The total nucleotides allocated to each were, on an average, 0.9% for 5'UTR, 97.5% for CDS and 1.6% for 3'UTR. The only species with contrasting values was Arabidopsis, where 6.8%, 82.6% and 10.7% of total nucleotides were allocated to 5'UTR, CDS and 3'UTR regions, respectively.
Percentage of expressed sequences with tandem repeats
On an average, 3.55% of analyzed sequences contain one or more loci with tandem repeats. The respective percentages for each species are shown in Figure 1 . The highest were for rice (11.28%), and the lowest for the Solanaceae species S. lycopersicum and S. tuberosum, i.e., 1,47% and 1,76%, respectively. The percentage found for Arabidopsis (3.88%) is in agreement with other reports of between 3% and 5% (Cardle et al., 2000; Kumpatla and Mukhopadhyay, 2005) . For B. napus, S. lycopersicon and S. tuberosum 2.42%, 1.47% and 1.76% of these sequences were found, respectively. However, different values (6.9%, 4.7% and 2.65%, respectively) have been reported (Kumpatla and Mukhopadhyay, 2005 (Cordeiro et al., 2001; Kantety et al., 2002; Thiel et al., 2003; Nicot et al., 2004; Asp et al., 2007) . Nevertheless, all differences are within the 2-3 fold range.
The variations encountered in different reports are related to the strategy employed by the authors (software, repeat number and type defined for the search). However, by common agreement, microsatellite stretches with minimum sizes of 20 bp are present in approximately 2%-5% of cereal EST sequences (Varshney et al., 2005) .
Frequency of tandem repeats in UTR and CDS regions
Results for total occurrence (total loci), percentage per region (the amount of loci per region divided by their total number) and frequencies (amount of loci per megabase) are shown separately for each species and by genic region (5'UTR, CDS and 3'UTR) in Table 2 . In the 5'UTR and 3'UTR regions, 4.92% (529 loci) and 2.21% (237 loci), respectively, of all repeats were found in all the surveyed species (10,731 loci), with an average frequency of 1.3 and 0.7 loci/Mb, respectively. In coding regions (CDS), a higher occurrence of micro and minisatellites was detected, this reaching 92.86% of the total loci found (9,965 824 Gene transcripts in three plant families (Table 3) . For the Rosaceae, between 44.3% and 53.2% of the microsatellites were found in UTR regions (Jung et al., 2005) . For Arabidopsis, 81% and 26%, respectively, of dimers and trimers were found in UTR regions . In the present study, a very high percentage of microsatellites in 5'UTRs were detected in Arabidopsis, with a frequency of 9.1 loci/Mb. These repeats represented 34% of all the 1,162 found in the 29,918 sequences analyzed in this species. The second and third highest frequencies of repeats in these regions were encountered in the species O. sativa and H. vulgare, with an average 1.3 and 1.0 loci/Mb, respectively (Table 2) .
Many studies indicate the UTR regions as being more abundant in microsatellites than CDS regions (Morgante et al., 2002) . In the present work, 92.86% of microsatellite loci in CDS regions are due to a deficiency in annotation when separating translated from non-translated fractions in the Unigene transcript database.
As observed for 5'UTRs, contrasting values were also found in 3'UTR regions. Much higher values were encountered in Arabidopsis (an average of 3.6 loci/Mb) when compared to those below 0.6 loci/Mb in the remaining species (Table 2) .
On considering the overall occurrence of 5'UTRs, 3'UTRs and CDSs in all species, the average frequency observed is 37 loci/Mb. Values normally range from 18 loci/Mb in tomato to 76 in rice. Average frequency values per family are 29.0 loci/Mb in the Brassicaceae, 19.9 in the Solanaceae and 45.4 in the Poaceae (Table 2) .
Several reports have indicated values higher than those found in this study, i.e., 112-133 loci/Mb in barley, 133 loci/Mb in maize, 94-161 loci/Mb in wheat, 158-169 loci/Mb in sorghum, 161 loci/Mb in rye, 256-277 loci/Mb in rice and 133 loci/Mb in Arabidopsis (Varshney et al., 2002; Thiel et al., 2003; Parida et al., 2006) . In Citrus species, values as high as 507 loci/Mb have been described in EST sequences (Palmieri et al., 2007) . Values as high as 125 loci/Mb were also noted in Brassica rapa (Hong et al., 2007) . Frequency values closer to our study have been reported for the CDS regions in Rosa chinensis (Rose), Prunus dulcis (Almond), Prunus persica (Peach) and Arabidopsis, with values ranging from 39 to 78 loci/Mb (Jung et al., 2005) .
Percentage occurrence of different microsatellite types in the UTR and CDS regions
The detailed percentage values for each repeat type in the diverse sections of a genic region are listed for each species in Table 3 . The average occurrence of dimer microsatellites in all the species was 21.9%, the majority of these loci being present in the CDS regions. The average percentage of dimer occurrence for each family was 31.5% in Brassicaceae, 21.7% in Solanaceae and 18.8% in Poaceae species. The percentage values for dimer microsatellites in CDS regions ranged from 4.0% in Arabidopsis to 40.8% in B. napus. An interesting feature which seems to be specific for the Arabidopsis genome is the high occurrence of dimer microsatellites in the 5' and 3' UTR regions (13,6% and 4,3%, respectively). In the Poaceae, dimer microsatellites ranged from 15.4% in barley to 27.3% in wheat (Table 3 ). Other studies indicated that the highest dimer occurrence rates are generally associated with 5'UTR regions (Morgante et al., 2002; Lawson and Zhang, 2006; Hong et al., 2007) , but one should bear in mind that this prevalence in CDS regions may be a consequence of deficient database annotation. Trimer microsatellites were found in 40.2% of the sequences, with a high predominance in CDS regions. The species with higher trimer values were Arabidopsis, rice and tomato, with 58.0%, 54.7% and 41.4% of occurrence, respectively. The average percentage of trimers within each family was 47.0% in the Brassicaceae, 37.8% in the Solanaceae and 38.7% in the Poaceae. Among Poaceae species, the highest percentage of trimer occurrence was found in rice (54.7%) and the lowest in maize (34.6%). In Brassicaceae, trimers were found more frequently in Arabidopsis (58.0%) and less so in B. napus (36.1%) ( Table 3) .
On an average, tetramers represented 8.2% of the microsatellites, with average frequencies of 3.4%, 4.4% and 11.0% in Brassicaceae, Solanaceae and Poaceae, respectively. Among the Brassicaceae, a less than one-fold difference in frequencies was observed between Arabidopsis (2.9%) and B. napus (4.4%). In Poaceae, a 2.7-fold difference was found between rice (6.1%) and barley (16.5%).
On an average, pentamers represented 10.36% of the microsatellites, with average frequencies of 4.5%, 6.6% and 13.6% in the Brassicaceae, Solanaceae and Poaceae, respectively (Table 3) . Less than one-fold differences were found between Brassicaceae and Solanaceae species. Nevertheless, in the Poaceae a 1.7-fold difference was found between rice (9.7%) and maize (16.5%).
On an average, hexamers represented 13.8% of the microsatellites, with average frequencies of 8.1%, 19.1% and 13% in the Brassicaceae, Solanaceae and Poaceae, respectively. In the Poaceae, a 2.4-fold difference was found between wheat (7.7%) and sorghum (18.3%).
Mini-satellite frequencies were also assessed from the available data (Table 3) . On an average, heptamers represented 4.5% of the total occurrence (mini-satellite plus microsatellite). These types of repeats were more common in the Solanaceae family (9.6%). In both the Brassicaceae and Poaceae, the average frequencies of heptamers were 3.3% and 3.2%, respectively. Octamers were more frequent in the Brassicaceae (0.8%), when compared to the Solanaceae (0.3%) and Poaceae (0.1%). Nonamers were also more frequent in the Brassicaceae (0.9%), when compared to the Solanaceae (0.6%) and Poaceae (0.5%). Decamers were comparatively less frequent than other mini-satellites, reaching frequencies of 0.2%, 0.1% and zero in the Brassicaceae, Poaceae and Solanaceae, respectively (Table 3) .
There are several studies proclaiming EST sequences containing microsatellites. For the Poaceae (rice, maize, sorghum, barley and wheat), frequencies ranging from 16.6 to 40% for dimers, 41 to 78% for trimers, 2.6 to 14% for tetramers, 0.4 to 18.9% for pentamers and below 1% for hexamers (Varshney et al., 2002; Thiel et al., 2003; La Rota et al., 2005; Parida et al., 2006) have been reported. In the case of Arabidopsis, frequencies of dimers (36.5%), trimers (62.1%), tetramers (1.1%), pentamers (0.15%) and hexamers (0.13%) have been noted (Parida et al., 2006) .
Most frequent motifs Dimers and trimers
Motif frequencies per species and average frequency per family are listed in Tables 4 and 5 . For dimers, differences were observed within and between families. As regards the Brassicaceae, AG/CT and GA/TC dimer motifs were the most frequent, reaching 9.69% and 8.89% of observations within the family. A 6.9-fold difference was the case for AG/CT between Arabidopsis (2.46%) and B. napus (16.93%). Moreover, as to the GA/TC motif, an almost 10-fold difference was found between Arabidopsis (1.64%) and B. napus (16.14%). Other reports have shown that AG/GA motifs were the most frequent in Arabidopsis (Cardle et al., 2000; Morgante et al., 2002; Lawson and Zhang, 2006; Parida et al., 2006) and AT/TA in B. rapa (Hong et al., 2007) . Among the Solanaceae, AT/AT and TA/TA motifs were the most frequent, with frequencies of 8.29% and 5.69%, respectively. In Solanaceae ESTs, frequencies between 20%-25% and 15%-20% were found for AG and AT dimers, respectively (Kumptla and Mukhopadhyay, 2005) . In the Poaceae, the most frequent motifs were AG/CT and GA/TC, with average percentages of 6.72% and 5.61%, respectively. In still other studies, frequencies ranging from 38%-50% were the rule for the AG motif in maize, barley, rice, sorghum and wheat (Kantety et al., 2002; Morgante et al., 2002; Varshney et al., 2002; Thiel et al., 2003; Yu et al., 2004; La Rota et al., 2005) and frequencies of 50% for the AC motif in barley (Varshney et al., 2002) . GA has also been shown to be the most abundant motif in grasses (Temnykh et al., 2001; Kantety et al., 2002; Nicot et al., 2004; Parida et al., 2006) . In all the species that were analyzed in the present study, the lowest frequencies were found for those motifs formed by guanine and cytosine (CG/GC), which were even absent in Brassicaceae and Solanaceae species.
As was the case for dimers, in trimer frequencies motif patterns are different within as well as between families (Table 4) . Among the Brassicaceae, GAA/TTC and AAG/CTT motifs were the most abundant, reaching frequencies of 8.36% and 6.73%, respectively. Contrasting values were verified for GAA/TTC between Arabidopsis (12.13%) and B. napus (4.59%), also the case for AAG/CTT between Arabidopsis (9.51%) and B. napus (3.96%). Some reports have claimed that AAG is the most frequent for Arabidopsis and B. rapa (Morgante et al., 2002; Hong et al., 2007) . In the Solanaceae, GAA/TCC and AGA/TCT were the most frequent, with values of 4.75% and 4.60%, respectively. For both, frequency values were higher in S. tuberosum. Similar results were obtained in Arabidopsis, B. napus, B.rapa, S. Lycopersicum and S. tuberosum (Kumptla and Mukhopadhyay, 2005) , as well as in Citrus (Jiang et al., 2006) where AAG/AGA/GAA motifs were the most frequent. In the Poaceae, the trimers CCG/CGG, CGC/GCG and GCC/GGC were the most frequent, corresponding to 5.89%, 5.85% and 5.06%, respectively, a total of 16.80% of all the microsatellites found. Within the family, different motifs were the most common, i.e., for O. sativa, S. bicolor and H. vulgare, CCG/CGG were predominant, for T. aestivum and S. officinarum GCC/GGC and for Z. mays CGC/GCG. Other studies have shown a predominance of CCG in the grass species Z. (Cordeiro et al., 2001; Kantety et al., 2002; Morgante et al., 2002; Varshney et al., 2002; Thiel et al., 2003; Nicot et al., 2004; Yu et al., 2004; La Rota et al., 2005; Peng and Lapitan, 2005) . These motifs (CCG/CGG, CGC/GCG and GCC/GGC) seem to be less common in other families, where instead of values of around 16.8% (found for grasses), frequency was 0.56% in Brassicaceae and 0.36% in the Solanaceae.
mays, H. vulgare, O. sativa, S. bicolor, T. aestivum, S. cereale and S. officinarum
Tetramers, pentamers and hexamers
For the loci formed by motifs longer than three nucleotides, only the ten highest average percentages for each family are shown (Tables 4 and 5 ).
In Brassicaceae, tetramer motifs occurring at higher frequencies were AAGA/TCTT, AAAC/GTTT or GAAA/TTTC adding to 1.04% of all motifs found. Other reports indicate that motifs AAAG/AAAT were predominant in Arabidopsis and AAAT in B. rapa (Cardle et al., 2000; Hong et al., 2007) . For 5'UTR/CDS and 3'UTR Arabidopsis regions, the predominant motifs reported were AAAG/CTTT and AAAC/GTTT, respectively (Morgante et al., 2002; Zhang et al., 2004) . For Solanaceae species, 1.96% of all motifs found were either TAAA/TTTA or TTAA/TTAA or AAGA/TCTT. These results agree with EST data from 20 dicot species (Kumptla and Mukhopadhyay, 2005) . Among the grasses, 0.85% of all motifs were either CCTC/GAGG or AGGA/TCCT or CATC/GATG. Differences in predominant tetramer rates were found among the species (Table 4) Thiel et al., 2003) , AAAG/CTTT and AAGG/CCTT in perennial ryegrass (Asp et al. 2007 ) and AAAG as the most frequent motif in rice BACs (McCouch et al., 2002) . For pentamers, 0.80% (GAAAA/TTTTC, AAAAT/ ATTTT and AAAAC/GTTTT), 1.37% (AAAAT/ATTTT, AAAAG/CTTTT and AGAAG/CTTCT) and 0.83% (CTCTC/GAGAG, GAGGA/TCCTC and CTTCC/ GGAAG) were predominant in the Brassicaceae, Solanaceae and Poaceae, respectively. The major difference among plant families is the predominance of A/T in the Brassicaceae and Solanaceae. Also, reports on CDS regions in Arabidopsis, S. cerevisae and C.elegans, indicated the predominance of ACCCG and AAAAG (Toth et al. 2000) . For eukaryotes in general, AAAAT, AAAAC and AAAAG are revealed as the most predominant (Li et al., 2004a) . On the other hand, 5'UTR and 3'UTR regions of Arabidopsis were shown to be rich in AAGAG and AAAAC, respectively (Zhang et al., 2004) . AAAAT (Hong et al., 2007) and AAAAT /AAAAG (Jiang et al., 2006) were described as being frequently found in the Rosaceae and Citrus, respectively. In transcripts from the TIGR database, the AGAGG motif was predominant in rice, AGGGG in barley and ACGAT in wheat (La Rota et al., 2005) . Very little information was encountered on the preferential occurrence of pentamers in grasses, whereas that on eukaryotes (Toth et al., 2000; Li et al., 2004a) , Citrus (Palmieri et al., 2007; Jiang et al., 2006) , Arabidopsis (Zhang et al., 2004) and Rosaceae (Hong et al., 2007) offered variable results.
Hexamer patterns occurred among and within the three analyzed plant families (Table 5 ). To date, the predominance of AAGGAG hexamers in Arabidopsis, has been confirmed by only one other study (Toth et al., 2000) . Other reports indicated the most encountered hexamers to be AAGATG, AAAGAG and AAAAAT in Arabidopsis (Zhang et al., 2004) , AAAAAG in Citrus (Jiang et al., 2006) , AACACG in S. cerevisae, ACCAGG in C. elegans, AAGGCC in mammals and CCCCGG in primates (Toth et al., 2000) . The ten major occurrences for heptamers, octamers, nonamers and decamers are presented in Table 5 . Occurrences are widely variable within and among families, making it difficult to establish either a pattern or discussion based on similarities.
Genome dynamics is very complex regarding microsatellite motifs in plants. The higher conservation of dimer motifs (AG/TC and GA/TC) seems to overcome evolutionary barriers distances such as those found between monocot and dicot plants. However, in the dicots, this conservation may not hold. Unexpectedly, Poaceae and Brassicaceae were closer when these motifs were analyzed. On the other hand, trimer microsatellites that are known to be predominant in coding regions followed the expected conservation pattern, with similar rates and predominant motifs (GAA/TTC) between the two dicot families. Trimers present at higher frequencies in the grasses tend to be formed by Maia et al. 829 Table 4 G/C arrangements, in contrast to dicot plants where G/A/T/C combinations are more frequent. The higher frequency of A/T-rich repeats is also found in pentamer motifs in the dicot families. Repeats of higher complexity did not reveal detectable conserved patterns in this study.
Conclusions
The occurrence of micro and minisatellites in rice sequences (11.28%) is higher than in other species, ranging from 2.5 to 5 times more sequences containing these repetitive DNA loci. The fact that species having larger genomes (T. aestivum, H. vulgare and S. officinarum) do not present a correspondingly higher frequency of repetitive loci implies there is no relationship between genome size and rates of tandem repeat occurrence in functional regions. However, the lower coverage of sequences present in databases for these species could also be a reason for the low rates found in some species. For Arabidopsis and rice, the results obtained are closer to reality, since both are considered model species and have been intensely studied.
The distribution of micro-and minisatellites was higher in CDS regions for all the studied species. Also, microsatellites (97%) were more common than minisatellites (3%). Per family, the predominant dimer motifs were the same for Brassicaceae and Poaceae (AG/CT) and different for the Solanaceae (AT/AT). Trimers were the predominant repeats, ranging between 34.3% and 58.0%, with different rates depending on the family or species. For the Solanaceae, the predominant trimer motifs were not the same for S. lycopersicum (ATA/TAT and AAT/TTA) and S. tuberosum (GAA/TTC and AGA/TCT). This could be due to selection. Among the grasses, trimers formed by C/G were the most abundant. Nevertheless, specific motifs were variable between species.
Disagreements between earlier reports and the results obtained in the present work, where dimers were also frequent in CDS regions, could be due to the fact that the Unigene database contains predominantly EST clusters. Therefore, there is a tendency for under-representing the UTR regions in the annotated sequences. This is true for all species, except Arabidopsis. This could be solved by manually curating the genes, thereby defining the different regions. Achievement, however, would require a community effort.
The obtained results shed light on the patterns of tandem repeat occurrence within and between different plant families, thereby facilitating the use of plant-breeding strategies based on the transfer of markers from model to orphan species. Dr. Olivier Panaud (University of Perpignan) for fruitful discussions.
